This goal of this paper was to determine the flow characteristics of compressible airflow in the yarn duct of an interlacer using numerical simulations to study the effects of cross-sectional shapes of yarn duct on the performance of interlacers. A CFD (Computational Fluid Dynamics) software package ANSYS CFX was used to calculate the flow patterns in the yarn duct. The relationship between the performance of the interlacer and the distribution of the velocity vector, the airflow speed and the particle trace of flow were examined in order to propose a better design of interlacers. From the results of the calculations, if the vortices on the middle cross-section of the yarn duct make the filaments revolve continuously, then a large number of entanglements can be achieved. The velocity at the central point of the yarn duct was the deciding factor as to a sufficient opening for the filaments. However, too high of a velocity makes the filaments stay on the wall, hindering them from entangling with each other.
INTRODUCTION
DuPont invented interlacing technology in 1961 [1] . It can be used to improve the cohesion between multi-filament yarn, to facilitate winding-up and to produce novel yarn [2] . A basic type of interlacer is composed of two yarn guides ①, a yarn duct ② and an air jet nozzle ③ as shown in Figure 1a . Blowing compressed air onto a yarn running across the yarn duct causes the filaments to entangle and form interlaced yarn with intermittent entangling and openings. Figure 1b shows the picture of an interlaced yarn [3] .
The interlacer is the key part in the interlacing process. Yarn interlacing is the result of the action of compressed air on a bundle of loose filaments; hence, the airflow patterns strongly affect the characteristics of the interlaced yarn and the performance of interlacer.
① yarn guide ② yarn duct ③ air jet nozzle Research has been carried out to clarify some airflow patterns, such as static pressure on the yarn duct [4] [5] [6] and dynamic pressure near the yarn duct [3] , either by an experimental method [4, 5] , a computational method or by the combination of these two methods [4, 7] . Most research paid a lot of attention to the measurement of the airflow patterns. However, little attention was paid to the relationship between the performance of the interlacer and the flow patterns. Furthermore, designing new types of interlacers typically requires the manufacture of interlacers and experimentation, which is time consuming and expensive.
In our previous study, seven interlacers with various cross-sectional shapes of yarn duct were made and then the effect on the characteristics of the interlaced yarn [8] and the yarn motion in the yarn duct [9, 10] was studied. On the basis of our previous research [11] , which aimed to find a useful way to simulate the airflow in the circular yarn duct, we calculated the airflow patterns in these seven interlacers with the commercial CFD software package ANSYS CFX. The objective of this research was to clarify the relationships between the performance of the interlacers and the flow patterns inside the yarn duct and discover a better way to design interlacers with a high performance level.
SIMULATION METHOD
The airflow patterns in seven yarn ducts were calculated with ANSYS CFX which was composed of five modules: Workbench, CFX-mesh, CFX-pre, CFX-solver and CFX-post [12] . Figure 2 gives the process flow of ANSYS CFX. The cross-sectional shapes and sizes of the yarn ducts are shown in Figure 3 . The diameter of the air jet nozzle was 1.4 mm and the length of the yarn duct was 25.4 mm. Notation C1 represents the interlacer with a circular yarn duct. E1, E2 and E3 are interlacers with an elliptical yarn duct. S1 is a square yarn duct and T1 and T2 are triangular ones. For the sake of argument, the yarn ducts of C1, E1, E2 and E3 are regarded as round shapes and the others are cornered shapes. Figure 4 shows the geometry built in the simulation (taking interlacer E2 as an example). In order to save time with the calculations, half of the original interlacer was considered due to the symmetrical nature of the interlacer. The geometry was comprised of three parts: an air jet nozzle, a yarn duct and an outer region. The diameter and length of the outer region were five times and twenty times the length of the diameter of the yarn duct, respectively. The outside region (the atmospheric region) of the cylindrical shape was added to the outside of the yarn duct as the flow geometry. The outside region was used to accurately set the boundary conditions at the infinity of the atmosphere in the ANSYS CFX. The notation (x, y, z) is the Cartesian coordinate system. 
Geometry Construction

Mesh Generation
The numerical method used for discretization in CFX was FVM (finite volume method). This approach involved subdividing the entire flow geometry into finite control volumes using meshes [13] . 
Boundary Conditions
Since these seven interlacers can produce the interlaced yarn with a large number of entanglements at a supplied air pressure 0 0.3 p  MPa (gauge pressure) [9] , the flow patterns in the yarn duct at that pressure were calculated. Moreover, because the interlacers E2 and T2 were superior to the other interlacers, in terms of the number and strength of entanglements, the flow patterns in their yarn ducts at p 0 = 0.2, 0.4 and 0.5 MPa were calculated.
The air of the working fluid was regarded as a viscous and compressible ideal gas. Since the Reynolds number in the yarn duct was an order of 10 7 [4], the airflow was turbulent and the standard k   model was used in the simulation because it was more accurate and robust [7] . The following simultaneous governing equations for the conservation of mass, momentum and energy, the state, and the standard k   turbulence model were solved by CFX-Solver [13] . Table Ⅰ . The symmetry boundary condition was used in the middle section z = 0 mm. No slip and adiabatic boundary conditions were applied on the wall of interlacer. The pressure and the temperature on the boundary of the outside region were 0 MPa and 293 K in the atmosphere, respectively. The yarn existence was ignored in the simulation because the cross-sectional area of the yarn duct was extremely larger than that of the yarn. Since the yarn duct was very short and the speed of the compressed air very high, the interlacing process was completed in a very short time. For simplification, we assumed that the process was adiabatic, i.e., no heat transferred through the wall of the interlacer. On the wall of the yarn duct and air jet nozzle, no slip was applied.
Computational Scheme and Computer
The numerical technique utilized for discretization was UDS (upwind difference scheme). The number of iteration was set to 1000, which ensured the required level of convergence，RMS（root mean square of the residual ） =1×10 5 . The runs were performed on an Intel Xeon 2 CPU E5630 with a clock speed of 2.53 GHz and 12 GB of RAM.
RESULTS AND DISCUSSION
Performance of Interlacers
The performance of an interlacer was evaluated from the number and strength of entanglements of the interlaced yarn it produced. The number of entanglements N was defined as the tangling number in the interlaced yarn per meter. After measuring N, the same specimen was used to measure r N , which represented the residual number of tangling parts in the interlaced yarn after the action of a load of 132 mN/tex for 3 min. The strength of the entanglements S defined as / r N N was an index for the durability of the tangling parts. The raw yarn made of polyester multi-filament, 16.7 tex/48 filaments, was used as a testing material. For each interlaced yarn sample, three specimens were taken from different parts of the interlaced yarn package. The length of each specimen was 2 m measured at a tension of 2.97 mN/tex. A better interlacer could produce the interlaced yarn with large N and proper S [14] . Figure 6 shows the comparison of the performance of the seven interlacers at a supplied air pressure 0 0.3 p  MPa, the yarn speed v = 200 m/min and the overfeed ratio F = 2% (experimental). Among them, the circular yarn ducts, C1, E1, E2 and E3, were good for yarn interlacing and cornered yarn ducts, T1, T2 and produced an interlaced yarn with a higher strength of entanglements, S1 being the poorest. Figure 7 shows the streamlines in half of the interlacer C1. When the airflow, from the air jet nozzle, goes into the yarn duct, the channel for the airflow was suddenly widened. As a result, in the vicinity of the center of the yarn duct on the symmetry plane, the supersonic airflow appeared. The pattern of the streamlines in the other 6 interlacers was similar to that in interlacer C1. MPa. Before the interlacing process, the yarn position was along the z axis and intersected the axis of air jet nozzle (y = 0). The flow patterns on the cross-section of yarn duct, including the axis of air jet nozzle, decided both the yarn motion and the spacing for the yarn interlacing.
Streamlines in Interlacer C1
From Figure 8 , in the interlacer E2, the symmetric vortices appeared on the plane z = 0 mm, which offered a big space for revolving and interlacing the yarn. So the interlacer E2 produced the interlaced yarn with a large number of entanglements. In the interlacer E3, since the width of yarn duct was close to the diameter of air jet nozzle, no obvious vortices appeared. The yarn was difficult to run to the lower part of the yarn duct and could not be interlaced sufficiently because of the reverse flows on the plane z = 0 mm were weak.
In the interlacer T1, the vortices at the bottom of the yarn duct had little effect on the yarn motion because high speed flow directly blew yarn to the upper part of the interlacer. Hence, the filaments were trapped in that place for a long time and a small number of entanglements were produced.
In the interlacer S1, the vortices occured in the lower corner regions, where the speed of the flow was lower. The filaments were trapped and stayed in those regions and it was difficult for them to revolve. Therefore, the interlacer S1 had the poorest performance. 
Air Speed at Coordinate Origin
It is a known fact that effectively opening yarn is essential to good yarn interlacing. Since the yarn opening was performed by the action of compressed air, it was strongly affected by the 0 y U which was defined as the y component of air velocity at the coordinate origin (0,0,0). in interlacers C1, E2 and T2 were higher and close to each other. In interlacers E1, E3, T1 and S1, 0 y U were lower, especially in T1. In these cases, the yarn could not be opened sufficiently and a small number of entanglements were produced.
Speed in the Y on Initial Yarn Position
The y component of the air velocity was denoted by y U . Figure 10 shows the distribution of 
CONCLUSIONS
In this study, the flow patterns in the seven interlacers with various cross-sectional shapes of yarn ducts were calculated with CFD software package ANSYS CFX. The performance of the interlacer was decided by the flow patterns in its yarn duct. (4) In practice, the interlacers E2 and T2 could be used to produce the interlaced yarns with a higher number of entanglements and the interlacer T2 could be used to produce higher strength entanglements.
